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ABSTRACT
The Big Five Tunnel in Idaho Springs, Colorado drains 
water which is highly acidic and laden with dissolved heavy 
metals into Clear Creek. Since natural wetlands have been 
known to raise pH and remove metals from mine drainage, a 
pilot scale, constructed wetland plot is being used to 
passively treat part of the Big Five drainage flow. The 
pilot plot has been in operation since October 1987 and was 
designed as a closed system to facilitate studies of the 
mechanisms of pH enhancement and metals removal.
A problem which has been encountered is the loss of 
substrate permeability through use. Although the system was 
designed to operate as a horizontal plug baseflow reactor, 
water was observed to be coursing across the surface of the 
plot. Hydraulic characteristics changed over time. Most 
metals removal mechanisms of interest require contact of the 
drainage with the substrate. Understanding the hydraulic 
properties of the substrate is key to successful continuous 
passive treatment of mine drainage.
A series of physical tests were run on used and unused 
substrate, in an attempt to determine why there was a 
reduction in permeability. Next, experiments were run on 
substrates amended with permeability enhancing materials to 
determine if permeability could be improved and maintained. 
Finally, permeability test results from laboratory and
iii.
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intermediate scale permeameters were compared with pilot 
scale results to show that laboratory results can be accurate 
and predictive of pilot scale operation.
No major changes in physical properties of the substrate 
were observed in laboratory tests, except an increase (by dry 
weight percent) in the finest size fractions (<0.15 mm 
diam). This could contribute to decreasing permeability if 
"fines" are collecting in interstitial voids. Amended 
substrates did not approach the goal of sustained increase in 
permeability of three orders of magnitude, nor did removing 
the fine fractions from the substrate. Changing the flow 
regime from downflow to upflow did provide a sustainable 
increase in permeability of three orders of magnitude. 
Finally, it appears within the limited timeframe of 
experimentation that laboratory and intermediate scale 
permeability tests are accurate and predictive of pilot 
scale operation, and useful in scaling the system beyond the 
pilot size.
IV.
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Chapter 1
INTRODUCTION
Acid mine drainage is an endemic problem associated with 
precious metals mining in the western United States (and coal 
mining in the east). Drainage tunnels typically were built 
when mining activity was inhibited by presence of groundwater. 
Many mines that were active around the turn of the century 
have been completely exploited and abandoned, but water 
continues to flow from the drainage tunnels.
The drainage water generally has a low pH (high acidity) and 
high concentrations of dissolved heavy metals. Where drainage 
water reaches creeks or rivers, it has an adverse effect on 
water quality and aquatic life (Guertin, 1985).
The mechanism that drives the production of acid mine 
drainage is a four-step reaction oxidizing pyrite (FeSg) 
proposed by Stumm and Morgan (1981) as follows:
FeS2(s) + 7/2 Og + HgO -> Fe^"^ + 2 SO^^~ + 2 H*̂
Fe^’̂ + 1/4 O2 + H‘‘" -> Fê "*" + 1/2 HgO
Fê "*" + 3 H 2 O -> Fe(OH) g + 3 H"̂
FeS2 + 14 Fê "*" + 8 H 2 O -> 15 Fe^^ + 2 S0^^~ + 16H"""
Acidity and ferrous iron ions are added to the drainage
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water. Also, as pH decreases other metal ions may be 
solublized. The oxidation may be microbially catalyzed, 
greatly increasing the rate of reaction, and contributing to 
the degradation of water quality.
An attempt to mitigate an acid mine drainage flow is 
being made at the Big Five Tunnel in Idaho Springs,
Colorado. A pilot scale wetland plot was constructed by the 
Colorado School of Mines departments of Environmental 
Sciences, and Chemistry and Geochemistry, with engineering 
design help from Denver, Knight, Piesold Environmental 
Consultants, Inc., and the financial support of the U. S. 
Environmental Protection Agency (USEPA) Superfund Innovative 
Technologies program. This wetland plot receives 
approximately 20 percent of the total flow of the Big Five 
Tunnel. Total flow from the tunnel is roughly 75 L/min (20 
gal/min), with a pH of 2.6 to 3.2. Typical concentrations of 
the dissolved metals of interest are 40 ppm iron, 35 ppm 
manganese, 10 ppm zinc, and 2 ppm copper (Cohen et al.,
1989) .
Since natural wetlands have been shown to raise pH and 
remove metals from mine drainage flows the Big Five project 
was constructed as a closed system to facilitate studies of 
chemical and microbially catalyzed precipitation of metals as 
sulfides and hyroxides, adsorption of metal ions onto the 
wetlands substrate, and plant uptake of metals.
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1.1 Optimization of Flow Rate and Flow Path
One goal of the Big Five pilot scale wetlands treatment 
study is optimization of acid mine drainage flow rate through 
the wetlands plot with respect to pH enhancement and metals 
removal- To achieve this goal it is necessary to have an 
understanding of physical, chemical, and biological 
properties of the wetlands substrate. Assuming the metals 
removal mechanisms (either pure chemical reactions or 
microbially catalyzed reactions) reach some steady state, the 
changes in physical properties of the substrate may have the 
greatest effect on the success of long-term passive operation 
of the system.
Many metals removal mechanisms have been or are currently 
being studied. Among these are chemical precipitation of 
metal sulfides (an anaerobic process) and metal hydroxides 
(an aerobic process), adsorption on to the wetlands 
substrate, uptake by plants, and precipitation by microbially 
catalyzed reactions. All these mechanisms require contact of 
the mine drainage stream with the wetlands substrate. The 
efficiency of these mechanisms is strongly affected by the 
way in which the mine drainage comes in contact with the 
substrate, and how long it is retained. Optimally, all 
drainage flow should remain below the surface of the 
substrate, yet pass through aerobic and anaerobic zones for 
"complete" treatment. The drainage flow rate per unit of
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treatment area should then be based on water quality criteria 
for release to a receiving stream.
A problem which has been encountered in the laboratory 
and at the Big Five study site is the loss of substrate 
permeability in an unacceptably short period of time. 
Permeability of the substrate is critical to the optimization 
of drainage flow rate and flow path. As permeability 
decreases, the drainage flow is forced out of the desired 
baseflow pattern to a predominantly surface flow pattern. 
Then, except for a thin layer of drainage flow in contact 
with the substrate surface, the flow passes over the 
substrate, essentially untreated. The input flow rate would 
then have to be reduced, or treatment area increased to 
maintain output quality.
Another consideration with regard to loss of substrate 
permeability is that the targeted lifespan of the pilot 
treatment system is continuous passive treatment for five to 
ten years. Permeability of the substrate must be sustained 
at an acceptable level throughout this time period without 
maintenance or total replacement if the system is to 
succeed. Permeability is the physical characteristic most 
vital to efficient metals removal at an optimal flow rate in 
a long-term passive treatment operation.
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1.2 Objectives of Investigation
There are two main objectives for this study. First, by 
running used (collected from the pilot plot) substrate and 
unused substrate through a battery of physical tests, 
determine how the substrate has changed through use. More 
specifically, determine why the permeability of the substrate 
decreases through constant exposure to mine drainage water- 
The second objective is to amend the substrate to improve and 
maintain constant permeability to the point that long-term 
passive treatment at an optimal flow rate is feasible. These 
objectives require laboratory and field testing, so a 
secondary objective is to develop lab scale and intermediate 
scale permeability experiments that will be accurate and 
predictive of the operation of the pilot scale system.
1.3 Original Design of the Pilot Svstem
The original design of the pilot system was described by
Howard, et al. (1988) and is directly quoted herein:
The completed design was a reinforced concrete 
structure with dimensions of 0.61 m (2 ft) in depth, 3.05 
m (10 ft) in width, and 18.3 m (60 ft) in length. For 
initial investigations, the structure was divided into 
three 6.1 m (20 ft) sections, with provisions to divide 
the box into six 3.05 m (10 ft) sections at some later 
time if this were to be desired (Figure 1.1).
The concrete sections were separated by walls 
constructed from 5 x 15 cm ( 2 x 6  in) treated wood. 
Aluminum channels were grouted into void tubes in the
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In f low
A. Pa ra l le l  Modules
In f lo  w—
B. S e r ie s  Cel ls  
In f lo w
0 .  C o m b in a t io n  Arrangement
Figure 1.1, System configurations to which the original wetland plot could be adapted (Howard, 1988),
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concrete walls to allow the addition of lumber to form 
sidewalls and endwalls of adjustable height. In the 
initial study, the walls were built up to a height 
sufficient to allow the total depth of cells to be 
1.22 m.
Each cell was fitted with two drains, one active and 
one reserve. The reserve drains were installed so that 
the number of cells could be changed from three to six 
if desired, and to drain the cells at the end of the 
study. The drains were built using 15 cm (6 in) i.d. 
polyvinyl chloride (PVC) pipe, and the active drains 
consisted of standpipes initially set at a depth of about 
1 m (3 ft). The drains deliver overflow water to the 
existing pond.
A 0.76 mm (30 mil) Hypalon^ liner was used to line 
the cells so that they would be separated from one 
another and to prevent chemical reactions between treated 
wood, concrete or aluminum channels and the organic 
substrates and mine drainage. ■
Rock baskets were constructed at the upstream end of 
each of the cells to allow mine drainage to contact as 
much of the upstream cross-section of the organic 
substrate as possible. These baskets, approximately 
30-45 cm (12-18 in) thick, were built using expanded 
plastic fence and extended to the full depth and width of 
each of the cells. Washed 10-15 cm (4-6 in) river rock 
was used to fill the baskets.
Six access wells were installed in each cell to allow 
sampling of interstitial water. These sample wells were 
made from 15 cm (6 in) i.d. PVC and completed to allow 
water to enter from the lowest, middle, and upper 30 cm 
(1 ft) of the organic substrates. Holes in the sample 
tubes were covered with nylon screen to prevent clogging 
with the organic material. Two wells of each completed 
depth were placed in each of the 3 cells, for a total of 
18 sample wells.
A small concrete dam was constructed just inside the 
tunnel portal to provide enough head to distribute water 
to the system. Water was piped from the portal to each 
of the cells through PVC lines, reduced in size through 
the system, and fitted with valves to control the total 
flow to each individual cell. Due to the harsh winter 
climate of the location, all plumbing had to be 
insulated. Water is distributed across the entire width 
of each cell by allowing it to flow into rock baskets 
through 10 cm (4 in) i.d. PVC perforated drain pipe, 
which extends from one side of the cell to the other. 
Excess water is allowed to drain into the pond.
Once the sample wells were placed and the rock baskets 
were completed, the sections were filled with organic 
substrates to a depth of about 1 m (3 ft). The first 
cell was filled with fresh mushroom compost, which
T - 3 8 2 3  8
consisted of approximately 50 percent animal manure and 
50 percent barley mash wastes from a local brewery. The 
second cell received a mixture of equal parts of peat, 
aged steer manure, and decomposed wood shavings and 
sawdust. The third cell was filled to a depth of 10-15 
cm (4-6 in) with 5-8 cm (2-3 in) of limestone rock before 
the cell was filled with the organic mixture. Initially, 
the organic substrates were saturated with municipal 
water to reduce stress on the transplanted vegetation. 
After the transplanting was completed, the flow of acid 
mine drainage into each cell was initially adjusted to 
approximately 3.78 l/min (1 gpm), which was equivalent to 
200 ft^/gal/min.
Several different species of aquatic plants were 
transplanted to the treatment cells. Cattails (Typha 
anaustifolia. T. latifolia), and sedges (Carex 
utriculata. C. acruatilis) were transplanted from areas 
with microclimate and elevation similar to that of the 
demonstration site. Figure 1.2 shows the general 
location of the different species of vegetation that were 
transplanted into the treatment cells.








Figure 1.2. Typical location of plant species in each 
cell (original planting, October 1987).
C.aq. = Carex aouatilis; T.lat = Tvpha latifolia; 
C.ut. = Carex utriculata; J.arc. = Juncus arcticus. 
(Howard, 1988).
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1.4 Literature Review
1.4.1 Big Five study papers, Several papers have been 
written by professors and graduate students involved in the 
Big Five wetlands study. They have covered a variety of 
topics including design considerations (Howard, 1988), 
bacteriological tests (Batal, 1988), and an overview of the 
use of wetlands for treatment of hardrock mining-related 
environmental problems (Wildeman, 1988). These papers were 
reviewed to provide background for the current study.
Howard (1988) covered the original design specifications 
(see Section 1.3, above), and the successes and failures of 
the first nine months of operation. The physical (structural 
and plumbing) components of the pilot plot were observed to 
be functioning well. The rock box inlet systems were 
distributing flow evenly through the cross-section of each 
cell. The transplanted vegetation fared well in the pilot 
plot.
Two different substrates (mushroom compost in Cell **A", 
and a blend of equal parts of peat, manure, and wood product 
in Cells **B” and "C") were used in the original design. This 
difference in substrate was the first variable studied for 
its effect on metals removal and pH enhancement. Mushroom 
compost performed more efficiently than the peat blend, on 
both counts.
Problems encountered in the first nine months include
T - 3 8 2 3  11
clogging of inlet pipes with hydroxide precipitates, clogging 
of sampling well screens, and channelization of flow due to 
location of vegetation.
Recommendations for further development of the pilot 
study, or application to other sites include reviewing local, 
state, and federal regulations, and working with authorities 
on all levels as early as possible. Also, a thorough study 
of the hydrologie characteristics of the site should be done.
Area requirements for the treatment system should be 
based on water chemistry, site hydrology, required discharge 
quality, and the expected efficiency of the system. In harsh 
climates, the system should be deep enough (about one meter) 
to maintain an unfrozen anaerobic zone of microbial activity 
throughout the winter. All components should be sealed and 
lined, and given the experimental nature of such systems, a 
point source of water to be treated is preferred over a 
non-point source. In general, wetland treatment should be 
regarded as experimental. No commitment to meeting water 
quality standards through wetlands as the sole treatment 
should be made at this point.
Batal (1988) studied the microbiology of the pilot 
wetland treatment system. The substrates in the original 
cell were tested for their suitability as growth media for 
sulfate-reducing and iron-oxidizing bacteria. The substrates 
were found to be adequate growth media. No "seeding" of 
cultures was required, nor was nutrient enrichment of the
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substrate. Population density varied between the three 
original cells, and with depth. Sulfate-reducers were 
generally found in higher numbers at greater depths. 
Iron-oxidizers were present in greater numbers on the 
surface. This is not a surprising result, since the 
sulfate-reducers are anaerobic creatures, and iron-oxidizers 
are aerobes. The fact that a smaller population of 
sulfate-reducers were found in the aerobic zone, and 
iron-oxidizers in the anaerobic zone warrants further study.
Wildeman (1988) reviewed non-coal mining applications of 
wetlands for treatment of environmental problems. The 
weathering of pyrite is known to produce acidity, and leads 
to metals becoming dissolved in the drainage stream. In 
coal-mining situations, dissolved heavy metals are generally 
not present in high concentrations. But in hardrock mining, 
heavy metals in drainage are found at environmentally 
significant levels. This makes the drainage stream more 
difficult to treat.
Several removal mechanisms are at work in wetlands 
treatment. These include filtering of suspended material, 
uptake of metals in plant roots and leaves, adsorption 
(cation exchange) with the substrate, precipitation of metal 
sulfides and hydroxides by pure chemical means, and 
precipitation in microbially catalyzed reactions. It was 
recommended the wetland substrate be chosen to optimize 
microbial productivity. Other wetlands treatment studies
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were reviewed.
1.4.2 Hvdroloaic characteristics of wetlands. The hydrologie 
characteristics of wetlands are not well-understood. Most of 
the research into wetlands hydrology evolved from attempts to 
drain wetlands to make their land area "more useful" (Ivanov, 
1981). Thus, the idea of developing an optimized subsurface 
flow through a wetland has not been thoroughly covered in 
literature. For purposes of this study, a variety of sources 
were tapped. Textbooks were reviewed for the study of 
hydraulic conductivity of soils. Fetter's Applied 
Hvdroaeolocrv (1980), and Ivanov's Water Movement in Mirelands 
(1981) were used extensively in the development of the 
research methodology of this study. As such, they are 
reviewed in the next chapter.
Several wetlands and mine drainage treatment related 
Master's theses were reviewed. These included Guertin's 
(1985) Evaluation of Peat for the Treament of Acid Mine 
Drainage, and Morton's (1988) Determination of Wetland 
Hydrologie Characteristics Using a Bromide Tracer.
Guertin studied the cation exchange capacity (CEC) and 
permeability of a variety of commercially available peats as 
initial steps in the evaluation of their usefulness for the 
treatment of acid mine drainage. The cation exchange 
capacity of the peats tested were found to be so low that if
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cation exchange were the sole removal mechanism, extremely 
large volumes of peat would be required to provide one year 
of drainage treatment. Maximum vertical flow rate through a 
30 cm (12 in) diameter permeameter was found to be 1.78 L/min 
(0.47 gal/min). This maximum flow gives a permeability 
factor **K" of 4.07 x 10“  ̂ cm/sec.
Morton's study involved the determination of iji situ 
permeability of a natural wetland receiving acid mine 
drainage. Sodium bromide was used as a tracer to determine 
flow velocity through a sedge peat fen. A grid of wells of 
varying depths was installed. After adding the bromide to 
the system the wells were sampled periodically, and analyzed 
in the field with a bromide specific electrode. Flow 
velocity and permeability were determined from the time 
required for the bromide to move from the point of 
introduction to the various outlying wells. The permeability 
factor "K" varied from 1.5 x 10”^ cm/sec to 1.0 x 10*"̂  
cm/sec. Sampling from wells at different depths showed that 
there were two distinct flow systems, a preferential path 
near the surface, and a slower path at depth.
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Chapter 2
RESEARCH METHODOLOGY
2.1 Field Sampling of Substrate
Mushroom compost and the peat blend substrate were 
collected from the field site. The samples were collected 
from the surface of the wetland to a depth of approximately 
30 cm (1 foot). Samples were collected from various 
locations across the surface of the wetland so as to minimize 
the impact on vegetation.
A sample was also taken from the mushroom compost 
available on-site that has not been used in the wetland 
treatment plot. This made it possible to perform parallel 
testing of physical and hydraulic characteristics of "used" 
vs. "unused" substrates, in order to determine the cause of 
the decrease in permeability through use.
2.2 Laboratorv Testing of Phvsical Characteristics
Physical characteristics of used and unused substrate 
must be tested to determine any changes which may have 
resulted in an adverse impact on substrate permeability. The
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following battery of tests was proposed by Jim Gusek 
(memorandum to Wildeman, December 12, 1988).
2.2.1 Specific gravity of dry substrate. Substrate is 
allowed to air dry over a period of several days. (Unused 
substrate requires relatively short drying time as compared 
to used substrate). The thoroughly dried sample is added to 
a tared graduated cylinder. The cylinder plus the sample is 
weighed to determine the weight of the dry sample, by 
difference. A known volume of kerosene (measured with a 
volumetric flask) is then added to the graduated cylinder 
containing the dry substrate sample. Kerosene is used 
because its density is less than that of the substrate. The 
substrate remains in the bottom of the graduated cylinder 
when the kerosene is added, making it possible to determine 
specific gravity by displacement. Vacuum is applied to the 
graduated cylinder until air bubbles stop coming out of the 
sample. It can then be assumed that kerosene has filled all 
the void space in the substrate sample. The total volume of 
kerosene plus sample can be read from the graduated cylinder, 
and the volume of substrate sample alone can be determined by 
subtracting the kerosene volume from the total volume.
Knowing the weight and volume of the sample, and the density 
of kerosene the specific gravity of the dry substrate is 
easily calculated. This method is adapted from ASTM D 
854-58.
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2.2.2 Bulk density of wet substrate. Bulk density of wet 
substrate is checked with each test of permeability. This is 
done to account for the variability between permeability 
tests of the same sample. Samples of the same substrate 
packed loosely or tightly in the permeameter may yield 
different results. Bulk density is checked by weighing the 
empty permeameter, then weighing it again after the sample 
has been added. The weight of the sample is determined by 
difference. Knowing the cross-sectional area of the 
permeameter tube and the length of the sample, the sample 
volume can be calculated. Bulk density is then determined as 
weight per unit volume of sample (ASTM D 4531). The specific 
gravity and bulk density of substrate are needed to calculate 
void space (porosity) of the substrate. By testing used and 
unused substrate for these parameters changes in porosity may 
become evident, which may explain the decrease in 
permeability of the substrate through use.
2.2.3 Size fractions of substrate. Size fractions of 
substrate are determined by wet sieving the substrate through 
a series of four sieves. These sieves are 10, 20 100, and 
200 mesh, retaining size fractions of 2, 0.85, 0.15, and 
0.075 mm diameter particles, respectively. The sample is 
worked through the sieves. Each fraction is then carefully 
collected from each sieve and transferred to a tared beaker.
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The fractions are allowed to dry completely, and are 
weighed. Dry weight of each fraction is then divided by the 
total weight of all fractions. Results are reported as 
percent of dry weight by size fraction (ASTM D 2607, 2977, 
and 4427). Again, by testing used vs unused substrate for 
size fractions changes resulting in decreasing permeability 
may be revealed.
2.2.4 Air-dried vs. oven-dried drv weight of substrate.
Samples of wet substrate are placed in tared watch 
glasses. The samples are weighed wet, then allowed to dry at 
room temperature for several days. Samples are weighed daily 
until no further weight loss due to drying is apparent. The 
final air-dried weight is recorded. The samples are then 
placed in a drying oven set at 105 degrees Celsius and 
allowed to oven-dry for 24 hours. Samples are then weighed 
again to determine, by difference, any further water weight 
loss. The results of air-dried vs oven-dried water loss are 
indicative of "free vs bound" water content (Ivanov, 1981).
2.2.5 Drv vs. ash weight of substrate. Dry samples of 
substrate are weighed and placed in Pyrex beakers. The 
samples are then placed in a muffle furnace, and burned for
four hours at 550° C. Samples are removed from the oven
ARTHUR LAKES LIBRARY 
COLORADO SCHOOL o# MINES 
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and allowed to cool in a dessicator. When the samples are 
cool they are again weighed. The difference between the ash 
weight and dry weight is indicative of the amount of organic 
matter in the sample (ASTM D 2974-84).
2.2.6 Constant head downflow oermeabilitv. Several constant 
head permeameters have been constructed for permeability 
testing of substrate. (Figure 2.1 gives a schematic 
representation of the permeameter). The permeameters consist 
of a clear plastic tube, open on one end and covered with 
screen on the other. Plastic hose fittings for inlet and 
outlet of water are placed near the top (open) end of the 
tube. The sample is put in the tube, above a thin layer of 
glass wool and gravel. A small amount of gravel is placed on 
top of the sample, to prevent suspension of the sample in the 
water, when the test is started. Sample length is measured. 
Water is then added to the level of the outlet and continues 
to flow, maintaining constant level for the duration of the 
test. As water passes down through the sample it is 
collected in a volumetric flask. The period of time required 
to reach a specific volume of discharged water is recorded. 
Knowing the cross-sectional area of the permeameter tube, the 
length of the sample, the length of water column above the 
sample (hydraulic head), and the time required to collect a 
specific volume of discharge, the permeability factor "K" can
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Figure 2.1 Schematic downflow constant head permeameter (Peat Testing Manual, 1979).
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be calculated using Equation (1) below (Fetter, 1980).
(1) K = QL/(Ah) where Q is volume rate of discharge
L is the length of the sample 
A is the cross-sectional area 
h is the hydraulic head 
K is the hydraulic conductivity
2.2.7 Falling head downflow oermeabilitv. Falling head 
permeability tests are run using the same equipment as the 
constant head tests. A substrate sample is added to the 
permeameter. Sample length is measured. The permeameter is 
filled with water to the level of the overflow outlet. The 
length of the water column above the sample is measured.
This measurement is the initial hydraulic head. The water is 
then allowed to pass through the sample without replacement
for a known period of time. The length of the water column
above the sample is measured again. This measurement is the 
final hydraulic head. Then knowing the cross-sectional area 
of the permeameter tube, the initial and final head, the time 
between initial and final measurements, and the sample length 
the permeability factor "K” can be calculated using 
Equation (2) (Fetter, 1980). (2) K =  (L/t)* In(h^/h)
where L is length of sample
t is time from initial to final measurement
h^ and h are initial and final head
T - 3 8 2 3  22
2.2.8 TJpflow permeability. Upflow permeability tests are 
run using a permeameter with a water inlet beneath the 
sample. (See Figure 2.2). Water is supplied to the 
permeameter from an elevated reservoir. The reservoir must 
be elevated above the level of the permeameter outlet to 
provide the driving force of hydraulic head. A substrate 
sample is added to the permeameter and water is added above 
the sample to the level of the outlet. Water is then allowed 
to pass from the reservoir to the inlet of the permeameter, 
and move up through the sample to the outlet. Water 
discharged is collected and measured as volume per time. 
Upflow permeability tests can be run as in constant or 
falling head modes, with appropriate parameters being 
measured for determination of "K" from Equations (1) or (2), 
above.
2.3 Intermediate Scale Testing of Permeability
Two intermediate scale permeameters were used at the Big 
Five study site. These permeameters are approximately 50 cm 
(20 in) in diameter and can hold samples up to 40 cm (16 in) 
in length. They were built to operate in either upflow or 
downflow mode, and were set up to run with mine drainage 
water at constant head of approximately 100 cm (40 in). It 
was anticipated that these permeameters will yield results
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Figure 2.2 Schematic upflow permeameter. (Fetter, 1980)
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which are more indicative of field conditions than a small (5 
cm) diameter laboratory permeameter. It was also possible to 
vary flow rates to the field permeameters, and measure simple 
input and output water quality indicators such as pH, Eh, and 
conductivity. The field permeameters were designed and 
constructed with the assistance of Jim Gusek (Denver, Knight, 
Piesold).
2.4 Experiments to Improve Permeability
2.4.1 Substrate additives. Several additives were blended 
with used mushroom compost, and the blends were tested for 
falling head permeability in the laboratory. Additives were 
chosen to increase the percentage of larger size fractions to 
increase the porosity of the substrate. The blends were 
prepared with used compost so that the tests were more 
indicative of what the permeability of the amended substrate 
might be after long-term use. Additives which were tested 
were angular gravel, barley husks, Perlite, and Verroiculite. 
Activated sludge was considered for use as an additive but 
was ruled out. Sludge may be a valuable additive as a 
nutrient source for plants and microbes, but given the fact 
that it would add mainly to the finer size fractions it does 
not seem to be a good candidate for improving hydraulic 
conductivity of the substrate.
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Blends were prepared on a volume:volume basis, and a 
variety of ratios were tested. It is assumed that the 
additives are inert, and had no effect on the treatment of 
the mine drainage water. If the additive only contributes 
improved permeability to the system it would be impractical 
to use a blend of more than equal parts of additive and 
substrate, as treatment volume will have to be increased 
accordingly. "First cut" for additives will be permeability 
improvement when used in a 1:1 ratio with substrate. If 
results from the 1:1 tests were unfavorable the additive was 
not tested further. If the results were favorable the blend 
was subjected to repeat tests on the same sample to determine 
how long the improvement would last. Previous permeability 
tests of used substrates have given "K" at approximately 
1 X 10”^ cm/sec (Wildeman, 1987). The target for 
improvement of permeability is a "K" of 1 x 10”  ̂ cm/sec. 
Additives which show only modest improvements in permeability 
(less than one order of magnitude) were not tested further.
2.4.2 Removal of fine fractions. An attempt at permeability 
improvement was made by removal of fine (less than 0.15 mm 
diameter) substrate particles. Well sorted substrates 
generally exhibit better permeability than poorly sorted 
substrates, so the removal of fine fractions should have a 
favorable effect on permeability of the substrate. Again, if
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the initial tests showed significant permeability 
improvement, the samples were subjected to repeat trials to 
determine how long the improvement might be expected to 
maintain.
2.4.3 Change in flow oath. Another hypothesis to explain 
the loss of permeability is compaction of the substrate over 
time. The original design of the pilot system intended a 
horizontal subsurface plug flow regime. Due to the low 
permeability of the substrates water was forced to a surface 
flow pattern. Standing water may have caused further 
permeability problems by compacting the substrate. To test 
this hypothesis, the permeability of unaltered substrates was 
tested in upflow permeameters in the laboratory and in the 
field.
2.5 Pilot Scale Permeabilitv Testing
The December 1988 redesign of Cell "A" and the August 
1989 redesign of Cell "B" were undertaken primarily to 
improve the contact of the drainage stream with the 
substrate. The objective of the Cell "A" redesign was to 
force the drainage stream through a longer flow path, and 
keep the flow in the subsurface with a baffle system. The
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redesign of Cell "B" involved splitting the cell into two 
smaller cells, one upflow and one downflow, and created an 
opportunity to monitor and evaluate permeability at the pilot 
scale. All parameters needed for calculation of "K" are 
readily available. Results from the intermediate and 
laboratory scale tests were then compared to pilot scale 
results to determine if they were accurate and predictive of 
the larger scale operation.
2.6 Redesign of Cell "A"
Redesign of one cell of the pilot system was proposed in 
October, 1988. The objectives of the redesign were 1) to 
increase retention time of the drainage in the substrate,
2) determine how adaptable the pilot system is to major 
changes, and 3) minimize surface flow, by maximizing baseflow 
(Wildeman, 1989a). Objectives 1) and 3) are strongly tied to 
the investigation of physical and hydraulic characteristics 
of the substrate. After objectives were decided upon, the 
redesign work was contracted to Gormley Consultants, Inc.
(now Denver Knight Piesold).
In order to increase the retention time of drainage in 
the substrate, it was proposed to increase the length of the 
flow path from inlet to outlet by constructing a series of 
walls and baffles. The walls were designed to create a
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serpentine flow path from the northwest corner inlet to the 
southeast corner outlet. The baffles were designed to direct
flow through six compartments along the path, with entry to
each compartment near the bottom of the cell, and exit from
each compartment near the surface. The designed flow path
and detail of the baffle boxes are illustrated in Figures 2.3 
and 2.4 (Gormley, 1988).
The design of the baffle boxes was also intended to serve 
the objective of minimizing surface flow. With entry to each 
compartment being near the bottom of the cell and the exit 
near the top, and a relatively short 3.05m (10 ft) run 
between baffles, it was thought that most of the drainage 
flow would move through the substrate, not over the surface. 
Incidentally, the baffle boxes also serve as sampling wells. 
All walls and baffle boxes were constructed entirely from 
wood. All nailplates were covered with 6-mil polyethylene 
and caulk. The walls and baffles were coated with marine 
epoxy paint to prevent rotting due to contact with water and 
substrate.
After refilling the cell with substrate, and replanting 
the plants, flow of mine drainage to the cell was set at a 
rate of 3.78 L/min (1 gal/min). It was immediately noticed 
that surface flow was still a problem, and that short 
circuiting of the designed flow path was occurring. The 
plywood walls bowed, and in some places separated from the 
baffle boxes. Attempts were made to seal some of the short







Figure 2.3 Cutaway view of Cell "A” redesigned flow path 
(Gormley, 1988).
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Figure 2.4 Detail of Cell ”A ” Distribution Baffle 
(Gormley, 1988).
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circuit routes, but in many cases repairs were impossible 
short of removing plants and substrate again. Plywood walls 
simply were not strong enough to hold up against the weight 
of 600 cubic feet of water-saturated compost. Despite the 
failure of the redesign to distribute flow through a 
serpentine subsurface path, the "quality” (pH increase and 
metals removal) of output water from Cell "A” remained at the 
pre-redesign level.
At this point, it was decided that surface flow was an 
unavoidable part of the system. Three self-priming siphons 
were installed to conduct the surface flow over the baffles,
Xto prevent puddling and overflows.
2.7 Redesign of Cell B
The objectives for improved flow through the substrate 
were not satisfied by the redesign of Cell "A". Several 
alternatives were proposed for further experimentation.
First was the substrate amendment strategy, which was tested 
extensively in the laboratory, and in limited testing at the 
intermediate scale. It was thought that an improvement in 
permeability of three orders of magnitude was needed. 
Substrate amendments were providing only modest improvements 
in downflow permeability (i.e. tenfold increases at best, as 
discussed in Section 3.3.1), so another strategy was
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needed. It was decided to change from the horizontal 
plugflow regime of the previous design, and experiment with 
upflow and downflow arrangements.
The conceptual design of the upflow/downflow cell was 
completed by Denver, Knight, Piesold Environmental 
Consultants, Inc. (formerly Gormley Consultants) in June 
1989. The objective of the redesign, with respect to 
permeability, was simply to force maximum contact of the mine 
drainage with the substrate. This objective is achieved in 
both the upflow and downflow systems by positioning inlets 
and outlets such that the only path for the drainage to 
follow is through the substrate. Figure 2.5 shows the 
upflow/downflow redesign plan.
The upflow and downflow cells were constructed as 
subcells from Cell "B". The original design of the pilot 
plot facilitated this change in that the hardware necessary 
for splitting the cell in two was already in place. Two 
drains are also in place. The extra drain is not needed with 
the present upflow/downflow configuration, because the the 
upflow outlet is a siphon at the surface. If it is decided 
to run both subcells in the downflow mode, the extra drain 
can be easily put in service. The subcells are structurally 
identical, and with minor plumbing changes they could both be 
converted from upflow to downflow and vice versa.
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Figure 2.5 Redesign of Cell "B" for upflow/downflow 
subcells (Gormley, 1989).
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Key design features (Wildeman, 1989b) include:
1) building the subcells identically so that one variable at 
a time may be tested (i.e. upflow vs downflow, plants vs. no 
plants), and 2) the plenum at the base of each subcell which 
enables even distribution of water in the upflow arrangement 
and even collection in the downflow arrangement.
Calculations of the permeability factor **K" can be easily 
made, since flow rates, hydraulic head, surface area, and 
substrate depth are readily measureable in both subcells.
The subcells are lined with a 10-mil polyethylene sheet. 
The mine drainage water distribution system (currently active 
in the upflow, and idle in the downflow) is constructed of
3.8 cm (1.5 in) PVC pipe. The distribution system is 
X-shaped with open ends on each of the four "legs" of pipe. 
This distribution system rests below a lattice of press fit 
cedar 2x4's. The lattice is supported by stacks of bricks, 
three high (approximately 17 cm). Three layers of plastic 
construction fence are tied to the 2x4 lattice, as a support 
for the substrate. Landscape fabric rests on top of the 
plastic fence, to prevent substrate from falling through the 
fence and in to the plenum. Mushroom compost is the 
substrate in both the upflow and downflow cells, which were 
filled to a depth of 61 cm (2 ft). The collection system for 
the upflow system (conversely, the distribution system for 
the the downflow) is constructed of perforated 10 cm (4 in) 
PVC sewer pipe. It is configured with four 2.13 m (7 ft)
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legs, spaced 0.46 m (1.5 ft) apart to evenly distribute water 
to (or collect water from) the surface of the subcell. The 
outlet for the downflow cell is the "old Cell B" drain. The 
upflow cell is drained by a siphon made of 1.9 cm (0.75 in) 
PVC pipe. The siphon is designed to keep the water level in 
the upflow cell at the upper surface of the substrate.
Mine drainage feed to the upflow and downflow subcells is 
pretreated by first flowing through two 550 L (14 6 gal) stock 
tanks, sequentially. The stock tanks serve the purpose of 
adding two to four hours of retention time (depending on flow 
rates out to the cells) to the inlet flow path, facilitating 
the precipitation of ferric hydroxide. This is especially 
important in the upflow system, where the opening of blocked 
inlet pipes could be very difficult.
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Chapter 3
RESULTS AND DISCUSSION
3.1 Physical Properties of Used vs Unused Substrate
Physical properties of used and unused mushroom compost 
were determined by running the substrates through a variety 
of laboratory tests. The goal of this testing was to find a 
cause for the decrease, through time and use, of substrate 
permeability.
The strategy of these tests was based on several theories 
as to what the cause of the permeability change might be.
The first theory was that the substrate had lost porosity, 
due to compaction. Compaction might initially be due to the 
bulk of the substrate alone, given the fact that, in the 
field, plot the substrate is approximately 90 cm (3 ft) 
deep. A compounding factor is the weight of standing water 
above the surface of the substrate. Laboratory tests of 
specific gravity and bulk density of used and unused mushroom 
compost were run to determine if changes which would reduce 
the porosity of the substrate had occurred. Downflow vs. 
upflow permeability tests were also run to test the effect on 
permeability of standing water above the substrate.
Another theory to explain the loss of permeability was
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change in proportions of size fractions in the substrate. 
Microbial activity (decay of organic matter, or generation of 
metal sulfide precipitates) might lead to increasing the 
proportion of fine fraction particles in the substrate. 
"Fines" might be building up in the pore space, leading to 
decreasing permeability. Size fractions of used and unused 
mushroom compost were determined by wet sieving.
Other physical properties tested in the lab were dry and 
ash weights of used and unused mushroom compost. This 
analysis gives an indication of whether organic matter is 
being accumulated in or depleted from the substrate through 
use. Finally a test of the substrate's tendency to "bind" 
water was run by checking weight lost from used substrate by 
drying at room temperature ("free water") and by oven drying 
("bound water").
3.1.1 Specific aravitv of used vs. fresh mushroom compost.
Five trials were run to determine the specific gravity of 
dry used and unused mushroom compost. Results of all trials 
are shown in Table 3.1. The average specific gravity of used 
mushroom compost was 1.78 with a standard deviation of 0.19. 
The average specific gravity of unused compost was 1.66 with 
a standard deviation of 0.06. Specific gravity is an 
important parameter from which other characteristics, such as 
void ratio and porosity can be derived, and can possibly be
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correlated with changes in hydraulic conductivity. It does 
not appear that a significant change in specific gravity has 
occurred.
Table 3.1. Specific Gravity of Used vs. Unused Substrate
USED SUBSTRATE UNUSED SUBSTRATE
TRIAL SP.GR. TRIAL SP.GR.
1 1.65 1 1.58
2 1.62 2 1.64
3 1.93 3 1. 64
4 1.67 4 1.‘73
5 2.05 5 1.69
3.1.2 Bulk density of used vs. unused mushroom compost.
Bulk density was tested for two reasons. The first reason is 
that it has to be known to derive other parameters, such as 
porosity and void ratio. The second reason is that it may 
have an effect on lab test results of permeability. Two 
samples of the same substrate, one tightly and one loosely 
packed in a permeameter may give different permeability 
results. Bulk density was checked not only for used vs. 
unused permeability tests, but also in amended substrates.
Bulk density of unused (but saturated) mushroom compost
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was found to be 1.24 gm/ml. Bulk density of used compost was 
1.33 gm/ml. Lowest bulk density for an amended substrate was 
1.28 gm/ml for a 1:1 mix of used mushroom compost and 
vermiculite. Highest bulk density was 1.55 for a 1:1 mix of 
mushroom compost and gravel. Bulk density and specific 
gravity are the two parameters required to calculate porosity 
of the substrate (Fetter, 1980). Since no significant change 
was observed in either of these parameters, it follows that 
there has not been a significant change in porosity of the 
substrate.
3.1.3 Size fractions of used vs. unused mushroom compost.
Two wet sievings of used and three wet sievings of unused 
mushroom compost were performed. The results, as averages of 
trials, appear in Tables 3.2 and 3.3. It appears from these 
size fraction trials that the substrate is not decomposing to 
fine fractions. If the substrate is decomposing to "fines" 
they may be suspended and carried out in the surface flow.
The only significantly different fraction comparing used 
and unused substrate is the fraction retained on the 10 mesh 
sieve (particle diameter greater than 2 mm). The used 
substrate has a higher percentage than the unused in this 
size. This may be due to the field sampling procedure, in 
that the used sample was collected from the surface to a 
depth of approximately 3 0 cm (1 ft) and had a significant
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amount of decaying plant matter in it. This plant matter 
would not be present in unused substrate.
Gusek and Gormley (memorandum to Wildeman, June 9, 1989) 
suggest that the size fraction comparison could be 
mathematically normalized to mask the effect of plant matter 
in the used compost sample. This is done by reducing the
Table 3.2. Size Fractions of Used Mushroom Compost
SIEVE RETAINS % DRY WT CUMULATIVE %
10 2 mm 41.5 41.5
20 0.85 mm 16.0 57.5
100 0.15 mm 23.5 81.0
200 0.075 mm 4.0 85.0
PAN <.075 mm 15.0 100.0
Table 3.3. Size Fractions of Unused Mushroom Compost
SIEVE RETAINS % DRY WT CUMULATIVE %
10 2 mm 25.8 28.5
20 0.85 mm 21.1 46.9
100 0.15 mm 32.6 79.5
200 0.075 mm 4.5 84.0
PAN <.075 mm 16.0 100. 0
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weight percentage of the 10 mesh fraction in the used compost 
sample to the level of the 10 mesh fraction in the unused 
sample, and recalculating all other fractions accordingly. 
This manipulation then shows a 12 percent increase in fine 
fractions from unused to used. Gormley's explanation for the 
increase in fine fractions is that "fines" may be tightly 
bound in unused substrate to larger particles. Submersion 
then frees the "fines" and they realign in the interstitial 
voids, leading to decreasing permeability through use.
3.1.4 Air-dried vs. oven-dried drv weight of substrate.
"Free" water in used and unused mushroom compost, was 
determined by weighing saturated samples, then allowing them 
to dry at 20° C, and weighing them again. The difference 
in weight is "free" water. "Bound" water was determined by 
taking the air-dried samples and drying them further in an 
oven set at 105° C (Ivanov, 1981). Bound water has an 
effect on permeability in that it occupies voids in the 
substrate but does not move.
Used substrate was found to be 69.5 percent free water 
on, a wet weight basis. Bound water accounted for another
3.8 percent of the total wet weight. Unused substrate was 
found to have 3.6 weight percent bound water. These results 
indicate that the used substrate does not have an increased 
ability to retain water.
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3.1.5 Ash content of used and unused mushroom compost. Dry 
composite samples and dry samples of mushroom compost 
separated by size fraction were weighed, then burned for 4 
hours at 550° C, and weighed again. Final (ash) weight was 
subtracted from dry weight to determine weight of ash and 
organic components in the sample. Percent ash weights were 
determined by dividing ash weight by the initial dry weight 
of the sample. Composites and splits were ashed in 
triplicate. Results are presented in Table 3.4.
Table 3.4. Ash Content of Used vs. Unused Mushroom Compost
FRACTION USED WT % ASH UNUSED WT % ASH
Composite 71.0 71.5
+10 Mesh 65.9 63.8
+20 Mesh 69.7 70.1
+100 Mesh 84.3 81.3
+200 Mesh 79.5 82.2
Pan 60.6 68.0
3.1.6 Constant head downflow permeabilitv. Six trials of 
downflow constant head permeability were run on used mushroom 
compost. Four trials were run on unused mushroom compost. 
Sample length, hydraulic head, duration, and permeameter
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diameter were varied from trial to trial. Results follow in 
Table 3.5.
Table 3.5. Permeability Factor K Used vs. Unused Compost
TRIAL K fcm/sec^ USED TRIAL K fcm/sec) UNUSED
1 2.60 X 10"^ 1 4.65 X 10-3
2 9.36 X 10"5 2 6. 80 X 10-3
3 8.57 X 10-5 3 1.24 X 10-3
4 7.96 X 10-5 4 1.26 X 10-3
5 6. 22 X 10-5
6 6.03 X 10-5
The geometric mean value for "K" for used mushroom 
compost is 9.23 x 10”  ̂cm/sec. For unused mushroom compost 
the geometric mean "K" is 3.09 x 10“  ̂ cm/sec. The 
geometric mean is used rather than an arithmetic mean so as 
not to give false weight to the higher values (Fetter,
1980). The range of values for "K" varies only by a factor 
of 4.3 for the used substrate trials, and by a factor of 5.5 
for the unused substrate trials. This suggests that varying 
sample length, hydraulic head, duration and permeameter size 
did not have a significant effect on the permeability from 
trial to trial.
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Obtaining conistent "K" values in the laboratory is 
important for several reasons. If laboratory values are to 
be correlated with (or used to predict) field values it is 
worthwhile to know if lab variables, such as sample length or 
hydraulic head, greatly affect the final lab result. If they 
do, then great care must be taken to match lab conditions to 
field conditions, and a greater number of trials may need to 
be run to predict, with any confidence, what the field "K" 
value will be. The lab results' correlation with 
^intermediate scale and pilot scale results will also indicate 
if the simple field sampling method employed for this study 
provided an adequate representation of field conditions, or 
if a more complicated sampling scheme may be needed.
Results for unused substrate are consistent with the 
results of initial permeability testing done before the pilot 
scale plot was constructed (Wildeman, 1987). Current results 
indicate that permeability of mushroom compost has decreased 
by a factor of about thirty, through 18 months of use.
3.1.7 Falling head downflow permeabilitv. Five trials of 
falling head permeability were run on used mushroom compost. 
Results are presented in Table 3.6. The geometric mean value 
for "K" for the falling head trials is 3.94 x 10“5 cm/sec. 
This value is lower, yet still in the same order of magnitude 
as the constant "K”. This may be due to the fact that
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falling head trials were run on the same samples as the 
constant head trials. Some compaction of the substrate in 
the permeameter may have occurred before the falling head 
tests even began. Falling head trials were consistent among 
themselves, as were the constant head trials.
Table 3.6. Falling Head Permeabilitv of Used Compost 
_______________ TRIAL_________ K fcm/sec) ________________
1 3.07 X  10 “5
2 2.92 X  10 ”5
3 1.57 X  10
4 2.42 X  10 "5
5 2.80 X  10 ”5
3.1.8 Uoflow permeability. Two trials of upflow 
permeability were run on used compost in the laboratory. The 
permeability factor, "K", calculated from these lab trials 
were 6.65 x 10~3 cm/sec, and 1.3 3 x 10”  ̂cm/sec. The 
first trial was run with constant head, the second with 
falling head. By changing flow path from down to up, the 
permeability was apparently increased by three orders of 
magnitude, and surpassed the target value for permeability 
improvement. While only two trials were performed in the
T - 3 8 2 3  4 6
laboratory, the lab results led to extensive and equally 
favorable testing and results in the intermediate scale field 
permeameters.
3.2 Intermediate Scale Permeabilitv Testing Results
Two intermediate scale permeameters were set up at the 
field site to examine the hydraulic characteristics of larger 
substrate samples and higher water flow rates than are 
feasible on the laboratory benchtop. They have been operated 
in both upflow and downflow constant head mode, and are set 
up to run passively and continuously with a feed of mine 
drainage water. This makes it possible to more closely 
simulate what is happening to the substrate in the pilot 
scale plot in that the water passing through the permeameter 
is the same as that which runs to the pilot plot. 
Precipitation reactions which may lead to permeability 
decreases due to accumulation of precipitate in substrate 
pore spaces should occur in the field permeameters, since 
they are fed by mine drainage. This situation is nearly 
impossible to duplicate in the laboratory. Experiments can 
also be run for weeks or months in the intermediate scale 
with only an occaisonal check of flowrate required to 
determine the permeability factor. The substrate sample size 
is on the order of 200 times as large as the lab
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permeameters, reducing the risk of an anomalous result due to 
a non-representative sample. Sample length and hydraulic 
head can be almost identically matched to pilot scale 
conditions. Finally, measurements of input and output pH,
Eh, and conductivity can be made, possibly leading to 
determination of optimum flowrate based on water treatment.
3.2.1 Intermediate scale constant head downflow permeabilitv.
Unused mushroom compost was the first substrate tested.
It was tested over a period of six days in a constant head 
downflow arrangement. Since the compost was initially dry, 
the permeameter was run for two days before taking any 
measurements, to ensure the substrate was saturated. Flow 
rate through the permeameter was then monitored daily and 
permeability factors were calculated. Used substrate was not 
tested on the intermediate scale due to the difficulty of 
obtaining a large enough sample to fill the permeameter 
without seriously disrupting the pilot plot. Results for 
unused substrate are presented in Table 3.7.
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Table 3.7. Permeability Factor "K" from Intermediate
____________Scale Permeameter - Downflow. Constant Head.
UAÏ K ^cm/see) ~
1 9.13 X 10”3
2 5.45 X 10"3
3 3.14 X 10“3
5 1.86 X 10“3
6 1.86 X 10"3
3.2.2 Intermediate scale constant head upflow permeabilitv.
The same unused mushroom compost sample that had been 
tested for downflow permeability was then tested for upflow 
permeability. Flowrate was monitored daily over a period of 
five days. The permeameter was left running, but flow rate 
was not checked again for six days. The decrease in flow 
rate was continuing, so the flow rate was checked twice more 
into the third week of operation. A final check of flow rate 
was taken on the 26th day of operation. Results follow in 
Table 3.8. The apparent continuing decrease in permeability 
through seventeen days of operation was traced to buildup of 
ferric hydroxide precipitate in the feed hose. The 
increasing head loss in the hose was the sole cause of 
decreasing flow through the permeameter. When the clogged 
feed hose was replaced with a clean hose, the flow rate to
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the permeameter and the "lost permeability" was immediately 
recovered.
Table 3.8. Permeability Factor "K" from Intermediate
ÜAÏ K fcm/sec)
1 1.44 X 10"2
3 1.31 X 10-2
4 1.23 X 10-2
5 1.13 X 10-2
11 0.90 X 10-2
15 0.67 X 10-2
17 0. 60 X 10-2
26 1.44 X 10-2
As previously observed in the laboratory studies, 
permeability factors for the upflow intermediate scale 
permeameter were higher than the downflow permeabilities.
This is true despite the fact that the same sample which was 
used for downflow was subsequently used for upflow testing. 
The sample may have been expected to be compacted through 
previous use. Coursing the water through the substrate in an 
upward path seems to eliminate compaction of the substrate 
and provides for continuous and stable peremabi1ity. The
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upflow experiment continued unmonitored for three additional 
weeks. With a clean feed hose, the permeability after six 
weeks of operation was the same as it was on the first day of 
the run.
Field measurements of pH, Eh, and conductivity were made 
on the inflow and outflow occaisonally during the upflow 
permeability experiment. Improvements in water quality were 
modest. This was to be expected, given the flowrate through 
the permeameter was on the order of twenty times the flow per 
unit area of the pilot plot.
3.3 Experiments to Improve Permeabilitv
3.3.1 Substrate additives. Four additives were studied in 
lab scale permeability tests. The additives were selected 
primarily to increase the percentage of the large (> 2 mm 
diameter) size fraction, thus improving the uniformity and 
porosity of the substrate. Blends were made with used 
mushroom compost (as outlined in Chapter 2) as opposed to 
unused in hopes that the tests would be indicative of how the 
additive would respond through long-term use. The ratio of 
substrate to additive was initially 1:1 (volrvol) for all 
additives. This starting point was based on the assumption 
that the additives would be inert with regard to water 
treatment, and any improvement in permeability would have to
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be balanced against a proportional increase in substrate 
treatment volume. The goal for permeability of the amended 
substrates was approximately a one thousand-fold increase 
over the permeability of the used mushroom compost. If the 
"first cut" permeability test of an amended substrate did not 
yield at least a ten-fold increase, the additive was excluded 
from further testing. Amended substrates which did show at 
least a ten-fold increase in permeability were subjected to 
repeated tests of the same sample, in order to determine if 
the improvement might be expected to hold up through time.
It is worth noting that in the course of nearly two years 
of water quality tests for metals removal, a strong inverse 
correlation between flowrate and metals removal has been 
observed (Wildeman, undated). It is important to increase 
the permeability of the substrate in order to maintain 
subsurface flow, but there is a break-even point related to 
retention time, which seems to govern the efficiency of 
metals removal. Increasing the substrate permeability beyond 
the point at which the water is retained for adequate 
treatment would be counterproductive.
The first additive tested was barley husks collected from 
a local brewery's process waste treatment plant. Barley 
husks not only added the larger size fraction, but also 
organic matter to the substrate. Given the high ash content 
of the substrate, it was proposed that an additive high in 
organic content might serve two purposes - increasing
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permeability and stimulating microbial or plant 
productivity. Ashing the barley husks alone showed them to 
be 92 percent organic matter. If mixed 1:1 with mushroom 
compost (roughly 70 percent ash weight), the resulting 
percentage of organic matter in the amended substrate would 
be about 81 percent. (It was assumed that increasing the 
organic content so dramatically would be a great benefit to 
microbial and plant productivity, no experiments to 
demonstrate this have been done).
The lab scale permeability test (falling head, downflow) 
of a 1:1 mix of used mushroom compost and barley husks 
resulted in a permeability factor, K, of 1.5 x 1 0 "^ 
cm/sec. Since the "K" for the amended substrate was actually 
slightly worse than the "K" for unamended used mushroom 
compost a repeat trial was run, with a retrial of used 
compost as a control. The control trial gave a "K" of 
2.8 X 10“5 cm/sec, while the retrial of amended substrate a 
resulted in a value of 1.3 x 10"5 cm/sec. Since barley 
husks had no effect on the permeability of the substrate, no 
further tests were run. It was also noted that the 
combination of barley husks and used mushroom compost led to 
the growth of a white filamentous fungus. At the very least, 
this growth would be a nuisance in experimentation, and would 
probably not contribute favorably to the permeability of the 
substrate.
The second amendment tested was angular gravel. This
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gravel was well-sorted, with a size range of about 1.25 to 
1.90 cm (0.5 to 0.75 in) diameter. Two permeameters were set 
up, again falling head and downflow, with two different 
substrate:gravel ratios. The first permeameter contained a 
1:1 mix of gravel to used compost. The second contained a 
1:2 mix of gravel to used compost. Since the initial trials 
in both ratios gave a significant improvement in permeability 
the samples were subjected to repeated testing, to determine 
if the improvement would last through time. Results of these 
repeat trials are presented in Table 3.9, below.
Table 3.9. Repeat Trials for Permeability of Gravel: Compost
TRIAL K fcm/sec) 1:1 Mix K fcm/sec) 1:2 Mix
1 6.03 X 10-*̂ 5.93 X 10“*̂
2 4.49 X 10“"̂ 4.15 X 10"^
3 1.10 X 10““̂ 1.28 X lO"'̂
Since permeability in the lab decreased by approximately 
80 percent through three trials on the same sample, it 
appeared that grave1-amended substrate would behave much the 
same as unamended substrate. No further tests of gravel as a 
substrate amendment were run.
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The third substrate additive that was tested was 
Perlite. Perlite is a commercially available soil amendment 
commonly used in gardens or landscaping to improve soil 
porosity. It was initially tested in the lab for specific 
gravity and size fraction. Perlite was found to float in 
kerosene, so an exact determination of specific gravity was 
not possible. (Specific gravity is estimated to be 0.44). 
Sieving showed Perlite to be a good additive for high end 
size fractions. It was 71.9 percent (by weight) in the 
greater than 2 mm size fraction, and an additional 20.5 
weight percent fell in the 0.85 mm to 2 mm size range. The 
apparent buoyancy and large size of Perlite grains should 
have a positive effect on the permeability of mushroom 
compost. Two permeability tests were run. The tests were 
run by the falling head, downflow procedure, with a 1:1 
mixture of perlite and used mushroom compost. "K" values for 
the two tests were 4.91 x 10"^ and 5.01 x 10”  ̂ cm/sec.
This represents a tenfold increase over the permeability of 
unamended used mushroom compost. Repeat downflow falling 
head tests were run on the same samples. ”K" dropped, in
trial one by 48 percent, and in trial two by 40 percent. No 
further lab trials were run with Perlite as an additive, 
since the permeability improvement did not hold up through 
repeat trials.
The fourth and final substrate additive tested was 
Vermiculite. Vermiculite is also a commercially available
RBTHTO LAKES UBRARY 
COLORADO SCHOOL oi MINES 
GOLDEN, COLORADO 804GB
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soil amendment and was also subjected to specific gravity and 
size fraction tests. It too was found to float in kerosene, 
making an exact determination of specific gravity 
impossible. Sieving Vermiculite showed it to be 86 percent 
(by weight) greater than 0.85 mm in diameter. Vermiculite 
was mixed in a 1:1 ratio with used mushroom compost. Falling 
head downflow permeability tests were run on the blend. One 
sample was subjected to three repeat permeability tests, and 
another was subjected to two permeability tests. Results 
follow in Table 3.10.
Table 3.10. Permeability Factors for Vermiculite Blend 
SAMPLE____________ TRIAL________  K (cm/sec)
1 1 3.00 X 10-4
2 1.89 X 10-4
3 2.28 X 10-4
2 1 2.97 X 10-4
2 1.86 X 10-4
The Vermiculite blend gave a tenfold increase in 
permeability over unamended used mushroom compost. While the 
permeability decreased in the second trial of both samples, 
it did not decrease as rapidly as the other blends did, and
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appeared to recover some permeability in a third retrial on 
sample one. This may indicate that the permeability had 
stabilized after decreasing by only 25 percent, though more 
extensive testing would be required to prove this result. 
Blending Vermiculite with compost did not approach the 
permeability improvement target (K = 1 0 "^ cm/sec), but a 
tenfold increase which is maintainable through time is a 
strongly positive result.
Substrate additives did not provide the orders of 
magnitude of permeability improvement which may be necessary 
to operate the pilot system at an optimal flowrate in the 
long-term. All additives were chosen to add to the larger of 
the size fraction scale, and to improve the uniformity of the 
size sort in the substrate. This did not seem to have the 
expected effect on permeability. Apparently there is still a 
large enough proportion of fine fractions to fill the voids 
between the larger particles. Improvements in permeability 
in initial trials did not hold up through repeat trials (with 
the notable exception of the Vermiculite blend).
Permeability losses due to compaction, substrate swelling, 
and filling of void space due to the poorly sorted nature of 
the substrate were not eliminated by amending the substrate 
with barley husks, gravel or Perlite.
The lone favorable result from the additive trials is 
from the Vermiculite blend which gave a tenfold increase in 
permeability and maintained most of that increase through
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repeated lab trials
3.3.2 Removal of fine fractions. Another attempt at 
permeability improvement was made by removing the fine 
fractions (less than 0.15 mm diameter) from used mushroom 
compost. Removing fines should improve the uniformity and 
increase the void space in the substrate, and thus improve 
permeability. The first "no fines" permeability trial was 
run with used mushroom compost which had been saved from the 
initial size fraction tests. It was recomposited in the 
appropriate proportions from dried size splits. As such, it 
was necessary to rewet this substrate before running the 
permeability test. To control for the effect of drying and 
rewetting, another sample of used mushroom compost was dried 
and rewet, and run in a parallel permeability test. 
Permeability was again determined in a falling head, downflow 
experiment. "K" for the "no fines" substrate was found to be 
5.41 X 10”3 cm/sec. The control test (whole substrate, 
dried and rewet) gave a "K" of 4.23 x 10”3 cm/sec. While 
the permeability increase was dramatic it appears that the 
effect of drying and rewetting was much greater than the 
effect of removal of fines. To test this further a sample of 
wet used mushroom compost was sieved to remove fines, and 
tested for permeability. The resulting "K" from this trial 
was only slightly better than unamended used mushroom
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compost, at 8.29 x 10“5 cm/sec. Gormley's observation 
(noted in the size fraction of used vs unused mushroom 
compost discussion. Section 3.1.3) that fines may be bound to 
larger particles, and subsequently released may also explain 
this permeability result. While the sample was carefully and 
thoroughly sieved there may have still been some fraction of 
fine particles which were released from the surface of larger 
particles, then trapped in interstitial voids.
Removing fines did not improve the permeability 
sufficiently to be considered for further testing. The 
valuable result from this trial though was the improvement 
observed for simply allowing the substrate to dry out. 
Laboratory studies could be run to determine how long the 
drying effect on permeability will last. If it was found to 
hold up through time, it might be possible to design a pilot 
scale system with a set of parallel trains. One or more 
trains could be in use (receiving mine drainage) while 
another train was allowed to dry and recover its 
permeability. When permeability of the train in use drops 
below an acceptable level, the dry train could be started 
up. The exhausted trains could be allowed to dry and recover 
their initial permeability. This strategy is constrained by 
how long the trains could remain in service, and by the 
drought resistance of plants or microbes vital to efficient 
metals removal.
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3.3.3 Change in flow path. Two upflow permeameters were 
used for permeability tests on used mushroom compost. Two 
trials were run, one constant head and one falling head. "K" 
for the constant head trial was 6.65 x 10“  ̂ cm/sec. For 
the falling head trial "K" was 1.3 3 x 10”  ̂cm/sec.
Changing the flow path from downflow to upflow had by far the 
greatest positive effect on permeability of any of the 
attempts at improvement, and reached the target value for 
"K". The trials were run one after the other, on the same 
sample, and "K" did not decrease through reuse, as it did 
with all other trials. This result directed the intermediate 
scale work, and eventually a pilot scale redesign toward a 
study of upflow vs. downflow.
Intermediate scale results (discussed above) indicated 
that even through constant exposure to mine drainage for a 
period of over five weeks the improved permeability due to 
upflow was a lasting and positive change.
3.4 Results of the "Cell A" Redesign
The objectives of the Cell "A" redesign were to increase 
retention time, eliminate surface flow, and determine if the 
pilot cells are readily adaptable to design changes. Two of 
these three objectives were not met. The retention time was 
not increased by the serpentine flow path, because of the
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obvious short circuiting in the wall and baffle system. 
Surface flow was not eliminated by the function of the 
baffles, because the permeability of the substrate is simply 
too low to convey the designed flow rate. The one success in 
meeting objectives was that the cell's original design did 
prove to be very adaptable to change. (This positive result 
was borne out again in the redesign of Cell B).
A serpentine flow path should not be used in any future 
redesign unless limited availability of land area dictates 
such a configuration. In this case, the walls should be 
built with more sturdy materials, possibly concrete. Another 
option would be to drape a heavy liner over the walls, so 
that even if the walls separated the flow path would not be 
short-circuited.
We could not eliminate surface flow in a horizontal plug 
flow design without major modification to the substrate (i.e. 
using a large particle size additive to increase pore 
space). Another option for eliminating surface flow is to 
keep inlet flow rates at such a low level that even substrate 
with poor permeability can convey the flow. This option 
increases the operational size of the wetland treatment 
system and may not be a viable alternative if land area is 
limiting, or if drainage flow to be treated is very high.
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3.5 Permeability Results of Upflow vs. Downflow Systems
In addition to serving the primary functions of pH 
enhancement and metals removal the upflow and downflow 
subcells operate essentially as pilot scale permeameters.
All parameters needed for calculation of the permeability 
factor "K" are readily measurable. The depth of the 
substrate is the same for both cells. The surface area is 
slightly smaller in the downflow cell, due to the partial 
collapse of the retaining wall between cells "B" and *'C". If 
flow rates are set equally, the only other difference between 
the cells with respect to calculation of permeability is the 
hydraulic head. Through the first month of operation the 
upflow cell has been observed to operate with no measurable 
head loss. Using zero for hydraulic head in the calculation 
of "K" (Equation 1) would result in infinite permeability, 
so to calculate "K" for upflow, a nominal head loss of 1.27 
cm (0.5 in) was assumed. With this assumed value for "h", 
and an input flow rate set at 1.6 L/min (0.42 gal/min) the 
permeability factor comes out to 1.38 x 1 0 ”  ̂ cm/sec. This 
value for "K" satisfies the objective for permeability 
improvement.
Results from the longest upflow run of the intermediate 
scale permeameters indicate that this permeability factor 
should remain stable. If head loss remains negligible 
through time, the permeability factor can be increased or
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decreased by adjusting the flow rate to the cell.
At a similar flow rate of 1.3 L/min (0.35 gal/min) the 
downflow cell has a "K" factor of 2.96 x 10”4 cm/sec. The 
difference between the upflow and downflow "K" is due to the 
hydraulic head difference between the cells. For the 
downflow cell it is assumed that the substrate is saturated. 
Therefore, the hydraulic head driving the downflow cell is 
equal to the substrate depth of 61 cm (2 ft). Recall from 
above that the driving force through the upflow cell was 
1.27 cm (0.5 in). The permeability of the upflow system will 
always be approximately 50 times greater than the downflow 
system as long as flow rates are equal and the upflow is 
operating with negligible head loss.
3.6 Water Oualitv Results of Upflow vs. Downflow Svstems
Preliminary results indicate that the downflow system is 
outperforming the upflow system in all measurements of metals 
removal and pH enhancement. The initial water samples were 
taken for metals analysis fourteen days after starting the 
upflow/downflow system. Flow rates were set 48 hours prior 
to sampling at 1.8 L/min (0.48 gal/min) in the upflow system 
and 0.83 L/min (0.22 gal/min) in the downflow system. Flow 
rates must be taken into consideration when evaluating 
performance of the subcells. Results for the initial
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analysis of upflow and downflow outputs are displayed in 
Table 3.11, below.
Table 3.11 Preliminary Water Quality Results Up vs Downflow
Parameter Mine Drainaae Uoflow Outout Downflow Cutout
Flow rate N/A 1.8 L/min 0.83 L/min
pH 2.9 3.3 6.4
Mn 30 ppm 27 ppm 6 ppm
Fe 37 ppm 18 ppm 0 ppm
Zn 8 ppm 8 ppm 3 ppm
Cu 0.6 ppm 0.4 ppm 0 ppm
While the results indicate that the downflow system is 
outperforming the upflow it is important to emphasize the 
preliminary nature of these analyses, and the difference in 
flow rates to the cells. The cells had only been operating 
for two weeks when the samples were taken. The downflow cell 
was not yet saturated with drainage water. The upflow cell 
was operating at the upper limit of flow per area ratio of 
all previous flow trials, while the downflow cell was 
operating somewhere slightly below the mean of flow per area 
ratio from previous trials. A strong inverse correlation of 
flow rate to metals removal efficiency has been observed in
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virtually all earlier work (Wildeman, undated). While the 
downflow appears at this point to operate much more 
efficiently than the upflow, both cells should be run and 
sampled at equal flow rates for at least six months before 
drawing definite conclusions about water treatment 
capability.
Another way to consider the efficiency of the removal is 
to look at the mass of dissolved metal removed per hour. For 
example, at the flow rates and metals concentrations given in 
Table 3.11, and assuming steady-state flow with no 
evaporation loss or precipitation input, the total mass of 
dissolved iron put into the upflow system is;
(1.8 L/min)*(60 min/hr)*(37 mg Fe/L) = 3996 mg/hr 
The total mass of dissolved iron in the cell output is:
(1.8 L/min)•(60 min/hr)"(18 mg Fe/L) = 1944 mg/hr 
By difference the total mass of dissolved iron retained by 
the substrate is 2052 mg/hr. Using the same equations for 
the downflow cell, at its lower flow rate, the total iron 
retained in the downflow substrate is 1842 mg/hr. This mass 
balance calculation shows that the upflow system is actually 
retaining more iron per hour than the downflow, even though 
the iron concentration in the outflow is higher. This would 
indicate that there is an optimum flow rate (probably 
somewhat higher than the downflow cell is currently 
operating) at which one hundred percent of the dissolved iron 
inflow can be retained in the substrate. This optimum flow
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rate for iron removal may not be optimum for the other 
metals. Experimentation at a variety of flow rates is needed 
to determine the rate at which the output water quality is 
"best".
3.7 Lab vs. Intermediate vs. Pilot Permeabilitv Results
The objective of determining if lab and intermediate 
scale tests could be accurate and predictive of pilot scale 
operation was fulfilled. Tables 3.12 and 3.13 show the 
permeability values obtained in upflow and downflow modes, 
from the laboratory, intermediate, and pilot plot 
permeability tests.
Table 3.12 Downflow permeability of unused compost,
 _______tested on lab, intermediate, and pilot scales.
SCALE ..  i'LUW PATH "K" fcm/sec)
Lab Downflow 3.50 x 1 0 ”^
Intermediate Downflow 3.14 x 10”3
Pilot Downflow 2.96 x 1 0 ”^
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Table 3.13 Upflow Permeability of Unused Compost,
.... yCAJUt; FLOW PATH "K" (cm/sec)
Lab Upflow 6.65 X 10"^
Intermediate Upflow 1.44 X 10"2
Pilot Upflow 1.38 X 10"2
The measured values of "K" for the downflow experiments 
vary by a factor of 11.8, from a high value observed in the 
laboratory to a low value observed in the pilot scale cell. 
For the upflow experiments "K" varied by a factor of 4.8, 
again with the high value coming from the laboratory and the 
low from the pilot scale cell. The variation of only one 
order of magnitude between "scales" is quite good. The 
laboratory work was completed before the intermediate and 
pilot scale work began. Parameters such as sample length and 
hydraulic head could be matched in the laboratory, to pilot 
operation. If laboratory equipment was built to more closely 
model the pilot system, better agreement between "scales" 
could be expected. The most difficult pilot scale condition 
to simulate in the laboratory is the duration of the test. 
While the pilot cells operate on a long-term continuous 
basis, the laboratory permeability last only a few hours.
This may be the largest source of error when comparing 
laboratory tests to pilot scale tests.
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Chapter 4
RECOMMENDATIONS AND CONCLUSIONS
4.1 Physical Properties of Used vs. Unused Compost
The first objective of this study was to determine which, 
if any, physical properties of the substrate had been changed 
through use, and if this change could lead to the decrease in 
permeability which has been observed. No definitive change 
was observed in any of the physical tests, with the possible 
exception of the size fraction analysis. The size fraction 
analysis revealed an increase of 10 percent (dry weight) in 
the finer than 0.15 mm diameter splits. This change could be 
due to accumulation of metal-sulfide or metal-hydroxide 
precipitates, breakdown of organic matter by microbial 
action, or the "washing" of tightly bound fines from the 
larger size splits. It is likely that all of three of these 
causes contributed to the size fraction change.
If the accumulation of precipitates was the main cause of 
the size fraction changes, it may have appeared in the ash 
weight analysis. A significant increase in ash content would 
have indicated an increase in the inorganic fraction of the 
substrate. The used vs. unused composite (whole substrate)
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samples did not reveal a significant change in ash content. 
(See Table 3.4). When ashed in size splits, the used 
substrate showed slightly lower ash content in the finest 
fractions. This provides some evidence for the second 
hypothesized cause of size fraction change - microbial 
action.
If the bacterial population is using the organic matter 
in the substrate as a food source, it could be assumed that 
the organics would be physically broken down to smaller 
sizes. The mere presence of a significantly higher bacterial 
population in used substrate vs unused might also account for 
the increase in fine organic matter.
Another consideration with regard to these two possible 
explanations for changes in size fractions is that the 
accumulation of inorganic precipitates is at least partially 
dependent on the presence and activity of the microbial 
population. One class of bacteria may be causing an increase 
in inorganic precipitates, while another is breaking "large" 
size fraction organics down to "fines". Given the relatively 
small changes in organic/inorganic composition by split, this 
balance of simultaneously increasing ash and organic 
components may be occurring.
The final explanation for the increase in fine size 
fractions is that some "fines" may be tightly bound to larger 
sized particles (Gormley, 1988), and that they may be 
loosened through use. This explanation is supported
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by the observation that dried and rewet substrate regains its 
originally high permeability. Fine fractions which may be 
washed loose when the substrate is in use are bound to larger 
particles when dry.
While an increase in fine fractions would contribute to a 
decrease in permeability it does not appear that this is the 
main cause for the decrease. Fine fractions may indeed be 
increasing, and occupying interstitial voids. But the 
"poorly sorted" nature of the substrate before (and after) 
use would indicate that the thirty fold decrease in 
permeability is due to another cause. Fetter (1980) gives an 
equation for a uniformity coefficient, C^, which is an 
indicator of how well (or poorly) sorted a substrate is. The 
equation is: = Dgo/^IO
where D^q is the grain size of which 60% is finer 
and Djo is the grain size of which 10% is finer 
A "C^" value of greater than six is indicative of a poorly 
sorted substrate. Both the used and unused substrates have a 
"C^ value of about 25. Since the substrate was very poorly 
sorted to begin with, a 10 percent change in any size 
fraction probably is not the sole cause of a substantial 
decrease in permeability.
In sum, no measured physical property of the substrate 
appears to have changed significantly in the "used vs unused" 
analysis. Size fractions did appear to shift toward the 
finer end of the scale, but not to the extent of causing a
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serious decrease in permeability.
4.2 Laboratorv-Scale Permeability Tests
Lab-scale permeability tests were run as part of the 
"used vs. unused" substrate analysis. The initial 
permeability of the substrate was known from previous lab 
tests, and it was observed to have deteriorated in the pilot 
plot, but no lab testing of used substrate had been done to 
verify the qualitative field observations. Lab tests on used 
substrate revealed the obvious; a significant decrease in 
permeability through use.
In terms of the stated objectives of this study, the lab 
permeability tests served several purposes. The first was to 
determine a cause for the unacceptable decrease in 
permeability. Since the battery of physical tests failed to 
reveal any characteristic changes in the substrate of any 
significant magnitude, another hypothesis had to be tested. 
The lab permeameters were used to test if compaction due to 
standing water on the surface of the substrate could be the 
cause of permeability decreases. This was done by testing 
used substrate in downflow and upflow permeameters. _ The 
downflow permeability of used substrate was significantly 
lower than the upflow permeability of the same material (See 
Table 3.5 and Section 3.1.8). These results lend credibility
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to the "compaction theory" in that the only difference 
between the trials was the flow direction. Sample lengths 
and diameters, hydraulic head and duration of the trials were 
all comparable. The force of hydraulic head from below seems 
to keep the substrate "buoyant" and open for flow.
The second objective served by the upflow vs. downflow 
tests was to amend the substrate to improve and maintain an 
acceptable permeability. While changing the flow path is not 
actually a "substrate amendment" it did provide the 
sustainable increase in permeability of three orders of 
magnitude, which was sought.
4.3 Intermediate Scale Permeability Results
The variance between the intermediate scale and pilot 
scale values of "K" is less than ten percent (See Tables 3.12 
and 3.13). This is not surprising, given the similarity 
between the intermediate and pilot scale, in several 
important factors. First, the sample length and hydraulic 
head in the intermediate scale permeameters closely 
approximates those of the pilot cell. The intermediate scale 
permeameters may be run continuously for weeks, just like the 
pilot cells. The water which runs through the intermediate 
permeameters is the same water that runs through the pilot 
system.
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Not only can hydraulic characteristics be estimated, but 
by using "site water" flow rates per unit surface area could 
also be optimized for metals removal or pH improvement, by 
simply adding a flow controlling valve on the permeameter 
inlet. Flow rate variation experiments could be performed 
relatively quickly, since the retention time through the 
intermediate scale permeameter is less than one day. The 
microbial community of the pilot sytem could also be expected 
to be closely duplicated in the intermediate scale 
permeameters, since the water source and substrate are 
identical. Since they operate as passively as the pilot 
system, it would be advisable to keep them running as long as 
possible to prove their predictive capabilities. The 
intermediate scale permeameter could prove to be a very 
useful tool in prediction of pilot scale hydraulic and 
chemical characteristics, and further "scaling up" of the 
system.
4.4 Experiments to Improve Permeability
Used substrates in the pilot system have a permeability 
factor on the order of 1 x 10”^ cm/sec. A target value for 
permeability improvement of 1 x 10“  ̂ cm/sec was set. This 
target value is based on metals removal efficiency per unit 
surface area of wetland, and the expectation that at some
T - 3 8 2 3  73
time in the future the wetland will be enlarged to treat the 
entire drainage flow from the Big Five Tunnel.
Substrate additives were chosen to increase the 
percentage of "high end" size fractions and, with the 
exception of gravel, to reduce the specific gravity of the 
substrate. While all additives initially gave some increase 
in permeability, none provided the three orders of magnitude 
improvement which was sought. None of the additives provided 
a sustainable improvement through repeat trials, with the 
possible exception of Vermiculite. A 1:1 (vol:vol) mix of 
Vermiculite with used substrate provided about a tenfold 
increase in permeability, and only lost about 25 percent of 
the improvement through three trials. If a downflow pilot 
(or larger) system is further developed, Vermiculite may 
prove to be a valuable additive. It may increase the total 
volume of wetland required if it is inert with regard to 
metals removal, but a sustainable increase in permeability 
may be worth the increase in wetland volume.
The failure of substrate additives to provide the needed 
improvement in permeability is probably due to the poorly 
sorted nature of the original substrate. "Fines" were still 
present at a high enough percentage to block pore space even 
with 1:1 blends of large size fraction additives. Future 
work with substrate additives should focus on their potential 
to increase plant and/or microbial productivity.
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4.5 Pilot Scale Redesigns
The redesign of Cell "A" (baffles and serpentine flow 
path) did not accomplish its objectives of reducing surface 
flow and increasing retention time. This failure was 
partially due to structural weakness of the plywood walls, 
which rapidly developed leaks, short-circuiting the designed 
flow path. The structural problems might be averted by using 
heavier-duty construction materials, like concrete. Another 
possible solution would be to cover wooden walls with a heavy 
liner, like the Hypalon^ which is currently in use.
Structural problems of this design can not be solved without 
increasing the initial cost of the system.
Another contributing factor to the failure of the Cell 
"A" redesign was the relative impermeability of the used 
substrate. No physical alteration of the flow path could be 
made without changing the substrate. It simply will not 
convey, through baseflow, the flow rates needed. If a high 
length-to-width ratio is needed in future design it would be 
advisable to build a long, narrow, straight treatment 
system. The serpentine path should not be used unless the 
design is constrained by available land area. If a 
serpentine path is required, it should be designed with an 
elevated inlet, and a slight downhill grade throughout the 
system toward the outlet. This would allow gravity and 
hydraulic head to keep the drainage in the proper flow path.
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The redesign of Cell "B" into two subcells, one upflow 
and one downflow, has yielded much more positive (although 
still preliminary) results. The permeability of the upflow 
system is at the targeted value of 1 x 10”  ̂ cm/sec 
(depending on input flow rate) and has operated for two 
months with no measurable decrease in permeability. While 
the water quality indicators are not as good as the downflow 
cell, or as good as Cell "A", it has been operating at a high 
flow rate. Setting the flow rates to the upflow and downflow 
cells at equal levels, and leaving them equal for a period of 
weeks is the only fair test of which cell is operating 
better.
After only two weeks from startup, the downflow cell was 
operating as well as any cell had operated in the first two 
years of the project, with regard to metals removal and pH 
enhancement. The calculated permeability was within the 
expected range for unused compost. After two months of 
operation, no decrease in permeability has been observed. 
Water is not standing on the surface of the cell, which bodes 
well for long-term use, if the theory of substrate compaction 
due to standing water is indeed the cause of permeability 
loss.
The downflow system seems to be providing better water 
quality at the outlet. This conclusion is based on overall 
reduction in concentrations of the four metals of interest, 
and pH improvement. On a "mass removed" basis, the upflow
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and downflow systems are much more evenly matched at least 
for iron removal and pH improvement, but given the 
preliminary results of all metals and pH the downflow would 
be the system of choice for future work. If permeability 
becomes a problem with the downflow system it is suggested 
that it be operated in the upflow mode for some period of 
time. Very simple "above ground" plumbing changes would make 
this possible, and downflow permeability may be recovered.
The success of the upflow/downflow subcells should figure 
prominantly in any future redesign work, or scale-up for 
treatment of larger flows.
It has been shown that laboratory and intermediate scale 
permeability tests may be very useful in further pilot scale 
or larger designs of wetlands. Substrate additives did not 
provide great increases in permeability which were sought, 
due to the poorly sorted nature of the substrate. The 
upflow/downflow system achieved the goal of maximizing 
contact of drainage with substrate, at flow rates which may 
make it possible to treat larger drainages with reasonable 
treatment land areas.
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